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andem mass spectrometry (MS/MS) has become 
one of the most powerful techniques for the 
structural analysis of organic molecules. As a 
consequence, collisionally activated dissociation (CAD) 
is the most frequently used experiment in MS/MS. 
CAD is currently used for dissociating organic ions of 
both low (in the lo-lOO-eV range) and high (in the 
3-lo-keV range) kinetic energies, with cross section 
values in the lo-100- and 1-A’ range, respectively [l, 
21. However, although CAD is satisfactory for dissoci- 
ating ions up to about m/z 1000, with heavier ions its 
efficiency tends to fall off due to the limitations in 
energy transfer imposed by collision dynamics and an 
increased number of degrees of freedom in the higher 
mass ions. To increase the fragmentation ratios of these 
ions, their internal energy must be increased either by 
adding new energy or by more efficiently converting 
kinetic energy into internal energy. Surface-induced 
dissociation 131 and laser photodissociation [41 have 
been proposed to overcome the limitations on relative 
energy imposed by dissociating processes. 
The mechanism by which the energy is transferred 
into a precursor ion can significantly affect the CAD 
spectrum [5] and the answer to the mechanistic ques- 
tion, Can chemistry occur during the activation pro- 
cess?, is certainly yes owing to the reported results of 
reactive endothermic ion-molecule reactions 161. 
Highly efficient conversion of the beam energy (gener- 
ally around a few electronvolts) into the internal en- 
ergy of a collision complex, which is formed as an 
intermediate in these endothermic reaction pathways, 
has been used to induce site-selected fragmentations 
and to increase relative fragmentation yields [6-91. 
Chemically induced fragmentations performed in a 
magnetic mass spectrometer must involve either en- 
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dothermic or very slightly exothermic reactions, due to 
the difficulty of extracting and focusing product ions 
arising from an exothermic reaction [6]. Use of a 
quadrupole mass spectrometer should allow chemi- 
cally induced fragmentations involving exothermic re- 
actions. The advantage of such chemically induced 
fragmentations lies in the fact that the energy available 
for fragmentation, being of chemical source, is roughly 
independent of the mass and velocity of the ion but 
depends mainly on its structure. 
Atomic species such as atomic hydrogen can be 
expected to react with a variety of organic molecular 
cations. In such reactions, formation of a C-H or X-H 
bond may accompany the cleavage of a C-C or C-X 
bond, leading to an overall exothermic reaction. Be- 
cause fragmentation occurs after hydrogen atom fixa- 
tion, the corresponding fragmentation pathways may 
be different from those obtained from direct radical 
cation fragmentation. 
We have recently developed ion-atom and 
ion-organic radical reaction experiments by using a 
microwave discharge to generate the atomic and radi- 
cal species [lo, 111. In the present study, we investigate 
the increase of fragmentation due to ion-atomic hy- 
drogen reactions for the molecular ions arising from 
simple organic molecules bearing various functional 
groups: acetone, dimethyl sulfide, dimethyl ether, 
dimethyl sulfoxide, trimethyl amine, acetaldehyde, 
N, N-dimethyl acetamide, methyl acetate, benzene, and 
tetramethyl silane. 
Experimental 
The experiments were performed on a multi- 
quadrupole MS/MS/MS mass spectrometer described 
elsewhere 1121. Briefly, it is composed of the following 
parts: source (electron impact, chemical ionization, or 
fast-atom bombardment), first quadrupole analyzer, 
first &only quadrupole collision cell &ngth 12 cm), 
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second analyzer, second rf-only quadrupole collision 
cell (length 12 cm), third analyzer, and detector. In all 
the experiments described here, the first collision cell 
contained no collision gas and the second analyzer was 
left in the rf-only mode. The auxiliary data system is a 
personal computer with a homemade acquisition pro- 
gram that pilots a high dynamic range acquisition 
interface (18 bit analog-to-digital converter for inten- 
sity measurements, 16 bit digital-to-analog converter 
for mass scanning). The relative pressure in the colli- 
sion cell and in the discharge tube was measured by 
using a Bayard-Alpert gauge. 
Organic cations were produced by electron impact 
at 70 eV on neutral precursors introduced by the mean 
of an ultra-high vacuum leak valve (Riber). These ions 
were mass-selected by the first analyzer and guided to 
the second collision cell where they are allowed to 
collide with the molecular and atomic hydrogen. The 
pressure in the collision cell could be varied in a 
1-12-mtorr range. 
The kinetic energy distribution of the ions entering 
the collision cell under normal reaction conditions can 
be investigated by applying a variable positive voltage 
to the cell and measuring the amount of transmitted 
ions. Derivation of the resulting curve leads to the 
energy distribution of ions. The distribution obtained 
is characterized by the following features: the labora- 
tory frame kinetic energy E, lies below 2 eV for more 
than 80% of the reacting ions and below 1.1 eV for 
50% of them. The corresponding average center-of- 
mass collision energy E, given by E, = E,,[ m/ 
(m + Ml], where m and M are the masses of hydra 
gen and reacting organic cations, respectively, varies in 
the 0.02-0.04-eV ( +Etherm) range depending on the 
reactant cations. Consequently, for a reaction observed 
to occur to a large extent (more than 50%), the corn+ 
sponding reaction enthalpy can exceed these values 
only if the reacting ions have a high internal energy. 
All the reagents were commercially available and 
were used as received from the manufacturer (Aldrich 
Chemical Co., Milwaukee, WI). 
Microwave Discharge 
The microwave-induced plasma was generated from 
an Evenson-type microwave cavity [13] encapsulating 
a Pyrex” tube. A microwave generator (2.45 GI-Iz) 
with variable output power up to 120 W was coupled 
to the discharge cavity by using a coaxial line. Typi- 
cally, the forward power used was 60 W, and two 
tuning rods fitted on the microwave cavity were used 
to stabilize the discharge. 
The cavity was cooled by a compressed air flow to 
decrease surface recombination due to temperature 
rise resulting from the discharge. The temperature of 
the gas entering the collision cell at the end of the 
discharge tube did not exceed 50-60 “C. 
The discharge fitting was modified from former 
experiments [ll]. The Pyrex tube (14mm o.d., 11-mm 
i.d., total length 20 cm in the discharge region) was 
directly fitted by a Cajon connection to a Teflon@ 
flange especially designed for these experiments. A 
0.8~mm restriction hole allowed the setting to the Teflon 
flange in accordance with the steady-state pressure of 
the second differentially pumped collision cell of the 
mass spectrometer (see Figure 1). This restriction at the 
downstream end of the Pyrex tube maintained a 
steady-state pressure of - 0.1 torr in the discharge 
tube, whereas the pressure in the collision cell was in 
the millitorr range. A Teflon flange and a Teflon tube 
connection (l-in. i.d.) were used to reduce wall recom- 
bination of atomic species. The distance between the 
discharge cavity and the collision cell was N 20 cm. 
To keep the discharge efficiency, the Pyrex tube was 
periodically washed with a 20% fluorohydric acid so- 
lution, washed out with distilled water, and dried off 
at 100 “C. When a persistent decrease in the discharge 
efficiency was detected (corresponding to 20-40 h of 
effective use), the Pyrex tubes were finally thrown 
away and replaced by new ones. 
Under these conditions, the efficient dissociation 
ratio into the collision cell has been estimated to lie 
around 2% by measurements of the rate constant of 
FeH+ formation by reaction of monocarbonyl cation 
Fe(CO)+ with atomic hydrogen 1101. 
It was not possible to check whether cations were 
formed downstream of the discharge in the absence of 
reactant ions from source, because these cations, 
namely, H+ and Hg, would correspond to mass-to- 
charge ratios too low for the scanning range of our 
analyzers (12-1500 u). However, according to our pre- 
vious results concerning discharges in other gases [ill 
and to other reported studies on microwave discharges 
[ 141, such ions likely are formed in negligible amounts. 
Results and Discussion 
Each of the radical cations investigated was mass- 
selected and reacted with molecular and atomic hydro- 
gen in the second collision cell. All the experiments 
were carried out with the discharge successively off 
and on, under the same conditions. Thus, the differ- 
ence between the mass spectra obtained with the dis- 
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Figure 1. Schematic of the microwave device. 
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the specific reactivity of atomic hydrogen. The results 
are summarized in Table 1. Figure 2 shows the mass 
spectra for the reaction of the radical cation of acetone 
with molecular and atomic hydrogen. 
In addition, variable pressure experiments were 
performed in some cases to indicate the trends of 
pressure dependence of product abundances. 
Saturated Compounds with a Heteroatom 
These compounds include dimethyl ether, dimethyl 
sulfide, trimethyl amine, tetramethyl silane. Dimethyl 
sulfoxide also was included in this part. 
With dihydrogen alone all of the corresponding 
radical cations showed a very low reactivity: no prod- 
uct was detected in the case of tetramethyl silane and 
dimethyl sulfoxide, whereas less than 4% [M - ll+ 
cation was observed for the other compounds. This 
minor product, resulting from an endothermic frag- 
mentation, may arise either from metastable molecular 
ions from source or from a minor fraction of ions with 
a very high kinetic energy. The cleavage of a C-H 
bond is endothermic by 92 kJ mol-’ for CH,-O+-CH3, 
229 kJ mol-’ for CH3-S+‘-CHs, and 148 kJ mol-’ for 
(CH3j2N+‘-CH3. (Unless otherwise indicated, thermo- 
dynamic data for ionic and neutral species are taken 
from [15al and [15bl, respectively.) In the caSe of 
dimethyl sulfide a small amount of fragmentation 
product CH$+ (m/z 47) was also detected. The corre- 
sponding structure may be either CH,-S+ or 
CH, =SH+. The latter is much more likely, because 
according to both experimental [16] and theoretical 
[17] studies, fragmentation of dimethyl sulfide radical 
cation leads to CH, =SH+, which is more stable than 
CH3-S+ by 39 kJ mol-‘. The corresponding fragmen- 
tation is endothermic by 207 kJ mol-‘. 
In the presence of atomic hydrogen, teramethyl 
silane and dimethyl sulfoxide radical cations remained 
unreactive. The amount of [M - l]+ cation increased 
significantly with dimethyl ether, dimethyl sulfide, 
and trimethyl amine. The corresponding ion-atom re- 
actions are written as 
CH,-O+‘-CH, + H’+ CH,-O+=CH, + H, 
AH = -344 kJ mol-’ 
CH,-S+‘-CH, + H’+ CH,-S+=CH, + H, 
AH = -207 kJ mol-’ 
(CH~)~N+*-CH~ + H’+ (CH3),N+=CH, + H, 
AH = -288 kJ mol-‘. 
Table 1. Reactivity of molecular ions from organic molecules with molecular and atomic 
hydrogen at a hydrogen pressure of 6 mtorr 
Reaction with H,’ Reaction with H’ b 
Parent compound % Product Relative % Product Relative 





(cH,),N (59) 2.4 
(CH,),Si (88) 0 
CH,SOCH, (78) 0 
C,H, (78) 0.6 
CH,CHO (44) 43 



















CsH: (77) 50 
CsH; (79) 50 
C,H,O+ (43) 90 
C,H,O+ (45) 10 
C,H,O+ (43) 94 
C3H,0+ (59) 6 
C,D,O+ (46) 96 
C,D,HO+ (65) 4 
C,H,O+ (43) 100 
C,H,N+ (45) 97 
&HsN+ (44) 1.2 
C,H,O+ (43) 0.7 

















































aCorresponding to the reactivity observed with the discharge off. 
bFrom the difference between the relative amounts of products observed with the discharge on and 
those observed with the discharge off under the same conditions. 
‘Defined as the difference between the relative amounts of parent ion with the discharge on and with 
the discharge off. The relative amount of m/z 45 ion was 1% lower with the discharge on than with the 
discharge off (see text). 
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Figure 2 Mass spectra obtained for the reaction of the radical 
cation of acetone with molecular and atomic hydrogen at a 
hydrogen pressure of 6 mtorr. (a) Discharge off; (b) discharge on. 
The case of dimethyl sulfide is interesting. Al- 
though the m/z 47 fragment was not formed through 
reaction of H; another product was detected, that is, 
CH$+ (m/z 48) ions, which arise from the reaction 
CH3-S+-CH3 + H’+ CH,-SH+‘+ CH, 
AH = -15 kJ mol-’ 
Formation of the less stable isomer ‘CH,-SH: [18] 
would be endothermic by 12 kJ mol-‘. 
This m/z 48 ion appeared as a direct product from 
the precursor radical cation instead of a secondary 
product from reaction of CHs-S+=CH2 with H, or 
H: It was checked that selection of the m/z 61 
CH,-S+ =CH, ion generated in the electron impact 
(EI) source of the apparatus did not lead to any frag- 
mentation product. The unobserved reaction of H * on 
the dimethyl sulfide molecular ion, which would have 
led to the m/z 47 fragment, can be written as 
CHa-S+-CHa + H’+ CH,-S++ CH, 
AH= - 192 kJ mol-’ 
Thus the preferred H ‘-induced fragmentation path- 
way is not this one, but the less exothermic reaction 
leading to CHs-SH+*, corresponding to initial binding 
of H * to the heteroatom followed by simple, kinetically 
controlled C-S cleavage. 
Concerning hydrogen abstraction by H ; comparison 
between the compounds studied shows that depen- 
dence of the reactivity with the nature of the het- 
eroatom follows the order 0 > N > S, Si and s(O) 
being unreactive. This corresponds to decreasing elec- 
tronegativity of these heteroatoms or groups. 
Benzene 
The radical cation of benzene C,Hz’ showed a very 
low reactivity with dihydrogen. With the discharge off, 
only a very small amount of C,H: and C,H: ions 
was obtained. The fragmentation reaction correspond- 
ing to formation of C,Hg is endothermic by 369 kJ 
mol-‘. Ion C6HT is likely formed from addition of H, 
to C,H:, a reaction fairly efficient at the pressure used 
n91. 
In the presence of atomic hydrogen, C,H: and 
C,H: ions were formed in sizeable amounts. Study- 
ing the variation of relative abundances (C,Hg) and 
(C,H:) of each product with pressure showed that the 
sum (C,H:) + (C,H:) was roughly proportional to 
pressure, whereas the ratio of the relative abundances 
C,H:/C,Hl increased similarly to pressure squared. 
This is consistent with the formation of C,HF result- 
ing from second-order H, addition to the primary 
product C,H:: 
C,H;‘+ H’-, C,H;+ H, AH = -67kJmol-’ 
Compounds with II C&my2 Group 
These compounds include acetone, acetaldehyde, 
methyl acetate, and N,N-dimethyl acetamide. All of 
the molecular ions from the source corresponding to 
these products show a fairly high reactivity with dihy- 
drogen. For acetone, acetaldehyde, and methyl acetate, 
the main product obtained with dihydrogen was 
C2Hs0+ (m/z 43) ion. The acetyl structure CH,CO+ 
is reported to correspond to the lowest enthalpy of 
formation for this ion 1201. 
In the case of acetaldehyde, this reaction is necessar- 
ily a simple fragmentation that is endothermic by 50 kJ 
mol-I. Formation of CH,CO+ and H’ is actually the 
only fragmentation pathway for excited CH,CHO+ 
ions from the El source [21]. In the case of acetone and 
methyl acetate, several pathways leading to CH,CO+ 
and involving dihydrogen cleavage could be imagined. 
Collision of these reactant ions (as well as acetalde- 
hyde molecular ion) with argon under the same condi- 
tions led to a fairly high amount of acetyl cation 
(20-40%). Therefore, formation of acetyl cation likely 
proceeds by fragmentation without cleavage of dihy- 
drogen, as in the case of acetaldehyde. Fragmentation 
of acetone, implying the loss of a neutral CH, group, 
J Am Sot Mass Spectrom 1997,8,587-593 FRAGMENTATIONS INDUCED BY ION-ATOM REACTIONS 591 
is endothermic by 80 kJ mol-‘. Cleavage of methyl 
acetate may correspond to two different neutral losses: 
(CH,-CO-OCH,)+’ + CHs-C+ =0 + CH,O’ 
AH = 87kJmol-’ 
(CH3-CO-OCHsl+’ --) CH,-C+ =0 + ‘CH,OH 
AH = 46 kJ mol-’ 
The latter process, which is less endothermic, has 
been shown to be at least a partial decomposition 
pathway for metastable methyl acetate molecular ions 
m. 
These fragmentation reactions imply that an impor- 
tant proportion of radical cations arising from the 
source possess excess energy allowing this fragmenta- 
tion According to the energetic considerations pre- 
sented in the experimental section, it seems unlikely 
that this energy is in the kinetic energy form, corn+ 
sponding to 11.5-eV kinetic energy in the laboratory 
frame. Therefore, these ions probably leave the source 
with a high internal energy that is close enough to the 
dissociation threshold so that the minor additional 
energy due to collision with a hydrogen molecule 
allows fragmentation. Long-lived excited states of ace- 
tone radical cations have been shown to be formed 
from EI ionization of acetone radical cation and to 
undergo fragmentation to acetyl cation under very 
low-energy collision conditions [ 23,241. The lifetime of 
these excited states of acetone radical cations has been 
estimated to 4-40 ms, that is, substantially longer than 
the time required for ions from the source to reach the 
collision cell under our experimental conditions. In the 
case of methyl acetate, ‘CH,OH loss has been sug- 
gested to proceed through the metastable intermediate 
distonic ion CH,-C+(OH)-OCH, followed by an 
ion-dipole complex [25]. At the present time we have 
no information about the structure of the fragmenting 
ions, which may also consist of ion-neutral complexes. 
With acetaldehyde and acetone, a second minor 
reaction pathway was observed in the presence of 
dihydrogen: formation of protonated acetaldehyde 
CHs-CH=O+H and protonated acetone (CH,),C= 
O+H, respectively. The former product did not result 
from hydrogen addition to acetyl cation, because it 
was not formed from acetyl cation obtained from com- 
pounds other than acetaldehyde. Therefore, the corre- 
sponding reactions can be written as 
(CH,-CH=O)+‘+ H, + CH,-CH=O+H + H’ 
AH = -20 kJ mol-’ 
((CH,),C=O)+‘+ H, + (CHs)rC=O+H + H’ 
AH = -11 kJmol-’ 
Although these reactions are exothermic, they oc- 
curred with a much lower efficiency than the preced- 
ing fragmentation. 
Use of deuterated acetone showed that no hydrogen 
exchange occurred concurrently to this reaction, nor in 
the fragmentation process, because the fully deuter- 
ated acetyl cation CDs-C+ =0 and the protonated 
substrate (CDs)rC=O+H were obtained as the only 
products. 
In the presence of dihydrogen, the molecular ion of 
N,Ndimethyl acetamide gave an ion of m/z 45 as the 
nearly exclusive product. As in the preceding cases, 
collision of the reactant ion with argon under the same 
conditions gave the same product, therefore arising 
from decomposition of a high internal energy reactant 
ion. The most likely composition for the m/z 45 ion is 
C2H7N+, corresponding either to the radical cation of 
dimethyl amine (CHs)rNH+’ or to the isomeric dis- 
tonic ion CH,NH:CH; Starting from the radical cation 
of N,Ndim&yl acetamide, the formation of this 
product implies at least one hydrogen atom rearrange 
ment, suggesting that its actual precursor from the 
source may have a different structure, for instance, an 
association complex between ketene and dimethyl 
amine radical cation. Notice that although the m/z 45 
ion is present in the EI mass spectrum of N,Ndi- 
methyl acetamide, it is not the major fragment [26]. 
The global reaction leading to ((CHs)$JHl+’ from 
ionized dimethyl acetamide is 
(CH,--CO-N(cH,~,)+‘+((cH,),NH)+‘+CH,=C=O 
AH = +lll kJmol-’ 
No thermodynamic data are available for the corre- 
sponding distonic ion CH,NH:CH$ similar to the 
known species ‘CH,NH~ [271. 
For all the carbonyl-containing compounds, an im- 
portant increase of the cleavage products was ob- 
served in the presence of atomic hydrogen. The corre- 
sponding reactions leading to acetyl cation may be 
written as 
(CH,-CH=O)+‘+ H’-, CH,-C+ =0 + H, 
AH = -386kJmol-’ 
(KH,),C=O)+‘+ H’+ CH,-C+ =0 + CH, 
AH = -358 kJ mol-’ 
(CH,-CO-OCH,)+‘+ H’+ CH,-C+ =0 + CH,OH 
AH = -347 kJ mol-’ 
In the latter case, formation of the neutral products 
CH, =0 + H, is also possible, as mentioned subse- 
quently. 
A minor reaction pathway observed with acetalde- 
hyde and acetone led to the protonated compounds 
(CH,-CH==O)+‘+ H+ CH~-CH=O+H 
AH = -456 kJ mol-’ 
((CH,),C=Ol+‘- H’+ (CH,),C=O+H 
AH = -447 kJ mol-’ 
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In this case, it is not surprising that these addition 
reactions, which require a collisional stabilization step, 
are less favored than cleavage reactions. 
The reaction of atomic hydrogen with deuterated 
acetone was interesting because it gave a small amount 
of H-D exchange product (CD&OCH2D)+’ (or more 
probably enol isomer) in addition to the expected 
products CDs-C+=0 and (CDs)&=O+H. 
With methyl acetate no product other than acetyl 
cation was detected. In particular, no hydrogen ab- 
straction occurred, as was the case with dimethyl ether. 
However formation of acetyl cation may proceed 
through hydrogen abstraction followed by fragmenta- 
tion of the resulting CH,-CO-OCH: cation, corre- 
sponding to the global reaction 
KH,-CO-OCH,)+‘+ H’ + CHs-C+ =0 + H, + CH,O 
AH = -255 kJ mol-’ 
The reaction pattern of ions arising from N,Ndi- 
methyl acetamide in the presence of atomic hydrogen 
was less simple than the preceding cases. Although at 
low pressure the presence of atomic hydrogen mainly 
led to an increase of the relative intensity of the 
C2H,N+ (m/z 45) ion, at higher pressure a slight 
intensity decrease of this ion was observed, along with 
an important increase of C,H,N+ (m/z 46) product. 
Smaller amounts of ions m/z 43 and 44 were also 
produced. Pressure dependence of the relative inten- 
sity of the m/z 46 ion exhibited an increasing slope, 
contrary to the intensities of product ions obtained 
from other substrates, which were roughly propor- 
tional to pressure. These results suggest that the actual 
precursor of C*HsN+ is C*H,N+ arising from the 
reaction of molecular hydrogen with C4H9NO+ from 
the source, rather than C4H9NO+ itself. Thus, the two 
major reactions of H ’ are likely the following: 
(CH,-CO-N(CH& +. + H ’ 
+ (CH,),NH+‘+ CH,-C’=O 
AH= -83 kJ mol-’ 
(CH,),NH+‘+ H’+ (CH,),NH; 
AH = -406 kJ mol-’ 
At relatively high pressure, both collisional stabi- 
lization and larger (CH&NH+’ ion intensity increase 
the efficiency of the second reaction. However, direct 
formation of part of the observed m/z 46 ion cannot 
be excluded, considering the accuracy of our measure- 
ments: 
(cH,-c~-N(CH,),) +’ + H. 
---) KH,),NH;+CH,=C=O 
AH = -295 kJ mol-’ 
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The minor reactions leading to m/z 43 and 44 ions, 
respectively, may be written as 
(cH,-CO-N(CH~)~)+’ + H’ + CH,-C+ =o + (CH,),NH 
AH = -200 kJ mol-’ 
@Ha--CO-N(CH,),) +’ + H ’ 
+ (CH,&N+ (or CH, =NH+CHs) 
+ CH,-CH=O (or CH, =C=O + Hz) 
AH= -357to -lBBkJmol-’ 
For all these reactions, the global transformations 
from ionized N, Ndimethyl acetamide have been writ- 
ten, but it is clear that the actual C,HSNOf reactant 
ions may have different structures. In any case, obser- 
vation of fragmentation reactions specifically due to 
atomic hydrogen means that at least part of the corre- 
sponding reacting ions do not have enough internal 
energy to undergo fragmentation by molecular hy- 
drogen. 
Conclusion 
From these preliminary results, we can draw some 
conclusions on the reactivity of the investigated com- 
pounds. According to their reactivity toward atomic 
hydrogen, several classes of compounds can be distin- 
guished: 
Compounds that lead to the formation of a [M - l]+ 
cation by elimination of a molecular hydrogen 
molecule 
M+‘+ H’-, [M - H] + + H, 
with order of reactivity CH,OCH, > C,H, > 
CH,CHO > (CH,),N > CH,SCH,. In the case of 
benzene, the [M + HI+ product was also observed 
due to dihydrogen reactivity. 
Compounds that mainly show a noticeable increase 
of fragmentation ratio: CHsCOCH,, CH,COOCH,, 
and CH,CON(CH,),. 
Compounds that do not react with atomic hydra 
gen: (CH,),Si and CH,SOCH,. 
It must be kept in mind that the effective dissocia- 
tion of molecular hydrogen is rather low ( H 2%), which 
means that, considering the reaction extents obtained 
with atomic hydrogen, the processes involved must be 
extremely efficient, with rate constants close to the 
upper limit given by the Langevin model. 
The thermodynamical approach of the reactivity of 
the investigated compounds has raised some questions 
relative to the structure of the molecular cations and 
products, and the possible involvement of tautomeric 
or diatonic [28] forms. Some effort must be concen- 
trated on the structural information that can be ob- 
tained by using ion-atom reactions. In particular, there 
is no evidence for an identical structure of MH+ cations 
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generated by chemical ionization and reactive hydr+ 
gen atom bonding. 
Extension of these promising results to much larger 
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